Evaluation of Scavenger Gases in a Helium Discharge Detector by Poteat, Sandra Lynn
W&M ScholarWorks 
Dissertations, Theses, and Masters Projects Theses, Dissertations, & Master Projects 
1991 
Evaluation of Scavenger Gases in a Helium Discharge Detector 
Sandra Lynn Poteat 
College of William & Mary - Arts & Sciences 
Follow this and additional works at: https://scholarworks.wm.edu/etd 
 Part of the Analytical Chemistry Commons 
Recommended Citation 
Poteat, Sandra Lynn, "Evaluation of Scavenger Gases in a Helium Discharge Detector" (1991). 
Dissertations, Theses, and Masters Projects. Paper 1539625666. 
https://dx.doi.org/doi:10.21220/s2-nb0e-3q20 
This Thesis is brought to you for free and open access by the Theses, Dissertations, & Master Projects at W&M 
ScholarWorks. It has been accepted for inclusion in Dissertations, Theses, and Masters Projects by an authorized 
administrator of W&M ScholarWorks. For more information, please contact scholarworks@wm.edu. 
Evaluation of Scavenger Gases 
in a Helium Discharge Detector
A Thesis 
Presented to 
The Faculty of the Department of Chemistry 
The College of William and Mary in Virginia 
In Partial Fulfillment 
of the Requirements for the Degree of 
Master of Arts
by
Sandra L. Poteat 
1991
Approval Sheet
This thesis is submitted in partial fulfillment of 
the requirements for the degree of 
Master of Arts
Sandra Lynn Poteat
Approved, July 1991
Gary C. DeFotis
ry Hollis, JrW.
Gary W. Rice
Dedication
This thesis is dedicated to my mother. She has given to me 
the gift of always seeing the bright side and the strength 
to follow my dreams.
iii
Table of Contents
page
List of Figures.....................................  vi
List of Tables.......................................viii
List of Appendices.............................. . x
Abstract............................................. xi
Chapter I.
Characteristics of Scavenger Gases in 
Microwave-Induced Plasma Detectors
for Gas Chromatography...........................  2
Introduction................................  2
General Effects of Scavenger Gases........... 6
Mechanisms..................................  7
Scavenger Gases.............................  8
Effects of Scavenger Gases on Elemental 
Response....................................  15
Applications to a Helium Discharge System  21
Chapter II.
Instrumentation...................................  24
Reagents and Standard Solutions...................  30
General Operating Procedures......................  34
Methods of Calculation............................  35
page
Chapter III.
Results and Discussion...........................  38
General Operation of the Helium Discharge 
Detector....................................  38
General Spectral Characterisics of the HDD.... 40
Pure Helium Discharge.................. 40
Helium Discharge with Added Scavenger 
Gases........... ......................  42
Elemental Analysis................. ......... 55
Chapter IV.
Summary........................................... 106
Appendix A.............  108
Appendix B............................................. 109
References............................................. 110
Vita.................................... .............. 113
v
'List of Figures 
Figure page
1. Detector response S and the sulfur 182.63 nm
line as a function of dilution time(min)  12
2. Nitrogen spectrum of a three-channel chromatogram
with hydrogen reagent gas..................  16
3. Schematic diagram of the helium discharge assembly.24
4. Schematic diagram of the GC-HDD.................  26
5. Schematic of the scavenger gas line assembly  29
6. Flow rate vs. flow meter scale..................  31
7. Background spectra with no scavenger gas added
from 200-400 nm and 500-900nm............... 41
8. Background spectra with 0.50% hydrogen added  43
9. Background spectra from 500-900 nm with added
hydrogen...................................  44
10. Background spectra from 200-400 nm with added
hydrogen...................................  45
11. Background spectra with 0.28% oxygen added from
200-400 nm and 500-900 nm..................  47
12. Background spectra from 500-900 nm with oxygen
added......................................  48
13. Background spectra from 200-400 nm with oxygen
added..................   49
Figure page
14. Background spectra with <0.10% nitrogen added
from 200-400 nm and 500-900 nm............... 51
15. Background spectra from 500-900 nm with nitrogen
added...............................   52
16. Background spectra from 200-400 with nitrogen
added................................  53
17. Effects of oxygen on chlorine detection.........  58
18. Effects of scavenger gases on bromine detection.. 65
19. Effects of oxygen on fluorine detection.........  70
20. Effects of scavenger gases on iodine ...........  75
21. Typical chromatograms of iodine with scavenger
gas.........................................  77
22. Effects of oxygen on halogen detection..........  79
23. Effects of nitrogen on halogen detection........  80
24. Effects of hydrogen on halogen detection........  81
25. Effects of oxygen on sulfur detection...........  86
26. Effects of scavenger gases on sulfur detection... 90
27. Effects of oxygen on sulfur detection...........  91
28. Chromatogram of inverted phosphorus signals with
nitrogen as a scavenger gas.................. 94
29. Effects of hydrogen on phosphorus detection..... 96
30. Representative chromatograms from phosphorus with
hydrogen scavenger gas added................. 98
31. Effects of scavenger gases on tin detection.....  101
32. Effects of scavenger gases on silicon detection.. 105
List: of Tables 
Table page
1. Selectivities and limits of detection for
elements in an oxygen-doped He MIP........  10
2. Detection limits and selectivities for elements
in an oxygen-doped plasma................. 10
3. Detection limits and selectivities for oxygen-
doped plasmas versus recalculated data for 
oxygen free plasmas......................  20
4. Overview of normal operating parameters......  28
5. Experimental parameters for test compounds  ??
6. Sample calculations for chlorine.............  36
7. Effects of oxygen scavenger gas on chlorine
detection................................  57
8. Effects of oxygen scavenger gas on bromine
detection................................  62
9. Effects of hydrogen scavenger gas on bromine
detection................   63
10. Effects of nitrogen scavenger gas on bromine
detection................................  64
11. Effects of scavenger gases on the average
baseline level............................ 65
12. Effects of oxygen scavenger gas on detection
of fluorine............................... 69
viii
Table page
13. Effects of oxygen scavenger gas on iodine
detection.................... ............  72
14. Effects of nitrogen scavenger gas on iodine
detection.................................  73
15. Effects of hydrogen scavenger gas on iodine
detection.................................  74
16. Effects of scavenger gases on the average
baseline..................................  82
17. Effects of oxygen scavenger gas on sulfur
detection.................................  84
18. Effects of hydrogen scavenger gas on sulfur
detection..................................  85
19. Effect of oxygen scavenger gas on sulfur
detection..................................  88
20. Effects of nitrogen scavenger gas on sulfur
detection..................................  89
21. Effects of hydrogen scavenger gas on detection
of phosphorus..............................  95
22. Effects of scavenger gas on tin detection...... 100
23. Effects of scavenger gases on silicon detection. 103
ix
List of Appendices 
Appendix page
A. Physical Constants of Experimental Compounds  108
B. Retention Times for Experimental Compounds...... 109
x
Abstract
The analytical merits of using scavenger gases in a 
Helium Discharge Detector (HDD) for gas chromatography were 
evaluated for various compounds, including limits of 
detection, selectivity, optimum scavenger gases for elements 
at specific analytical wavelengths, and optimum 
concentrations for the scavenger gases. The hydrogen, 
oxygen, and nitrogen scavenger gases were also investigated 
with respect to their effect on baseline elevation and 
background noise in the chromatograms. Selective detection 
of chlorine, sulfur, and iodine was improved with oxygen. 
Hydrogen produced good results for sulfur and phosphorus. 
No significant improvements for any element was observed 
with nitrogen.
EVALUATION OF SCAVENGER GASES
Chapter I
Characteristics of Scavenger Gases in Microwave-Induced 
Plasma Detectors for Gas Chromatocrraphv
Introduction
Element-selective, multi-element detectors for gas 
chromatography (GC) have become extremely useful and widely 
investigated over the past two decades. There are a variety 
of factors that should be considered when choosing the 
appropriate detector to fit the needs of a particular 
research or analytical problem. Qualities that are 
important for the detector to possess include: 1)
subnanogram limits of detection; .2) a wide linear response 
to analytes under investigation; 3) tolerance to the passage 
of microliter volumes of eluting solvent; 4) element 
selectivity over non-analyte species; 5) predictable and 
reproducible response which is independent of the compound 
type; and 6) simple operation and maintenance. (1)
The electron capture detector (ECD) is the most common 
detector for halogenated compounds, but the detector is not 
truly element selective for detection of only the halogens. 
The ECD responds selectively to any compound containing 
highly electrophilic species such as the halogens, oxygen, 
and nitrogen.(2) The carrier gas of the detector is ionized
3by a radioactive source, such as the beta-emitter Nickel 63. 
This produces positive ions and a constant electron current. 
The current is altered by molecules which readily capture 
free electrons. The signal measured is the decrease in 
electron current due to the reduction in the number of 
electrons. Even though the ECD is sensitive for the 
halogens, it has very poor sensitivity to hydrocarbons, 
allowing for selective detection of halogenated compounds. 
The ECD does not have a linear response to analytes making 
it very difficult to calibrate.
The flame photometric detector (FPD) is another element 
selective detector that has gained acceptance. The
compounds pass through a H2/02 flame, from which excited
atoms and simple molecules are produced. The FPD is widely 
used for the detection of sulfur and phosphorus by 
monitoring emission from S2 and PO respectively. The FPD 
can also be used for the detection of halogenated compounds 
by inserting an indium pellet near the flame tip in the 
detector. The chlorine and bromine decomposition products 
react with the indium to give excited indium halogenides. 
As the halogenides return to the ground state, 
characteristic molecular band emission can be monitored at 
359.9 nm for Cl and 372.7 nm for Br. The detection limit on 
a dual flame detector is 1 x 10“1X g/sec for chlorine
compounds with a linear range over four orders of magnitude.
There are several disadvantages to using the FPD. First, 
the stability of the signal is limited by deviations caused
4by flame flicker. A second disadvantage of the FPD is that
large solvent injections can cause the flame to extinguish. 
One last drawback is that the instrument parameters need to 
be finely controlled because small deviations in the carrier 
or the flame gas flow rates can cause significant variations
in the sensitivity of the detector.(2)
The inductively coupled plasma (ICP) and the direct
current plasma (DCP) are considered the method of choice in 
trace level multi-element analysis for a variety of metals 
and certain nonmetallic elements.(3) The detectors couple 
long residence times of analytes in the plasma and high 
temperatures (5000 K) to produce detection limits at 
nanogram levels or less. The GC-ICP has been shown to be 
useful in the determination of boron, carbon, hydrogen, 
iodine, phosphorus, silicon, and sulfur. Vacuum UV atomic 
emission can be used to detect bromine, chlorine, fluorine, 
nitrogen, and oxygen. An advantage to the ICP is that it 
can measure relative elemental ratios in compounds, which 
makes it useful for the determination of empirical 
formulas. (3) The ICP and DCP are not the most cost 
effective choices for a routine laboratory setting. Plasma 
extinction is likely in both detectors if large lumes of 
solvent are introduced into the system.
The microwave induced plasma detector (MIP) has been 
demonstrated to be selective for over thirty elements in GC 
applications.(3) The first commercial instrument based on 
the MIP detector was recently introduced at the 1989
5Pittsburgh Conference by Hewlett-Packard.(2) Microwave 
radiation irradiates flowing helium contained in a quartz 
tube creating the plasma. The electrons and raetastable 
helium species in the cavity have sufficient energy to 
create fragmentation and atomization of sample molecules 
passing through the plasma. The emission from these excited 
atoms can be monitored at respective analytical 
wavelengths.(2) Large solvent volumes can extinguish the 
plasma. A number of parameters (e.g. flow rate, power, 
observation area) should be optimized for each element, thus 
the multielement capability is overshadowed by its inability 
to switch rapidly from the detection of one element to 
another.(3) The detection limits of the MIP are quite good 
though, typically in the nanogram to picogram range for many 
elements.
Over the past twenty years research has increased in 
investigating the mechanisms, properties, and effects of 
adding scavenger gases to He MIPs for gas chromatography 
(GC). Necessity called for a way to remove carbonaceous 
deposits produced on the walls of the plasma discharge tube 
from GC eluents, which impaired the reproducible 
quantitative operation of the discharge detector.(4) 
McLean et. al. found that by bleeding a small amount of air 
into a He MIP system, carbon deposition was dramatically 
reduced.
This initial study in 1973 led to the realization that 
oxygen and nitrogen could be used.(5) The modern concensus
6is that air as a scavenger gas is too difficult to control 
in that the levels, of oxygen and nitrogen can vary
significantly. More accurately known mixes of oxygen and 
nitrogen can be prepared instead of the uncertainties 
associated with air.
Another attractive quality of the scavenger gas is that 
spiking a low-pressure helium discharge with oxygen or 
nitrogen reduced problems originating from the recombination 
of atoms into diatomic molecules, which caused the
production of unwanted complex-band emission spectra. The 
atomization of analyte molecules was found to be practically 
complete, and higher detector selectivity and linear 
analytical curves were obtained for C, H, D, O, N, F, Cl, 
Br, I, S, and P.(6) The scavenger gases of prime importance
are oxygen, nitrogen, hydrogen, and air. These gases have
been evaluated with respect to mechanisms, required 
composition with respect to the carrier gas, and usefulness 
to specific elements in an MIP detector for GC.
General Effects of Scavenger Gases
Complete fragmentation and atomization of analyte 
species produces more accurate measurements of elemental 
ratios which should be independent of the chemical nature of 
the compounds. The level of contaminants (i.e. oxygen, 
nitrogen, hydrogen) must either be totally removed via gas 
purification procedures or carefully and accurately 
monitored in the carrier gas to assure such measurements.
7The scavenger gas should only combine with the contaminants, 
and ideally there should be exactly enough to reduce and 
minimize deposits. The reduction in carbonaceous deposition 
can allow for larger samples and higher temperature
operations. The molecular background emission from
. + contaminant diatomic species such as N2 and N2 or from
diatomic species produced by fragmentation and subsequent
recombination of sample atoms (C2, CH, CN) is reduced
considerably.(6)
Excessive amounts of scavenger gas will reduce the
ionization potential and excitation efficiency of the helium
plasma.(7) Beenakker found that carbon signals were linear
with carbon concentration from the detection limit of3xl0-11
-7
mol/L up to a concentration of about 1x10 mol/L. At 
higher concentrations, carbon deposits formed on the walls 
of the plasma tube causing deviations from linearity.
-5
Carbon concentrations exceeding 2x10 mol/L led to 
extinction of the plasma.(8)
Mechanisms
No definitive mechanisms exist to explain the effects 
that scavenger gases have on the helium plasma and spectral 
element emission lines. Carbon is not appreciably volatile 
below 3500 °C and silica melts at 1700 °C, so the elemental 
carbon plates out on the relatively cold walls of the quartz 
plasma containment tube.(9) One mechanistic hypothesis
has suggested that the scavenger gas reacts with the solid
8carbon to keep it volatile through the formation of CO and 
CN radicals followed by dissociation:(4,9)
C(solid) + 0(scavenger) ---- > CO(gas)
CO(gas) + plasma energy— > C(atom) + O
Species such as CO and CN are excellent reducing agents, and 
this environment can cause increased fragmentation of the 
complex analytes eluting through the plasma.
Another hypothesis claims that the addition of 
scavenger gases enhances the production of excited atomic 
species and electrons, which creates an environment that is 
more favorable to reduction.(6) Serravallo postulated while 
studying chromium containing compounds that either 1)
formation of CO reduces Cr(IIl) to Cr, and the atomic Cr is
. . .  *m  turn excited by collisions with metastable He atoms or
electrons or 2) addition of oxygen increases electron
concentration which in turn provides a higher reducing
environment, and collisions with high energy electrons
increase fragmentation.(10) Subsequent experiments tended
to demonstrate that the mechanism was somehow based on a
combination of both postulates.
Scavenger Gases
oxygen. The addition of oxygen to helium plasmas has 
. several advantages and disadvantages over other scavenger 
gases. This dopant was found to remove free radical
9fragments and to prevent tailing chromatographic peaks, 
which result from the contamination of the discharge tube 
and the electrodes in a tesla discharge system by 
carbonaceous decomposition products.(6) Slatkavitz claimed 
that 0.1 - 1.0% of oxygen added to the carrier gas is
sufficient to minimize carbon deposits. VanDalen observed 
that with up to 0.5% oxygen the continuum background of the 
spectrum remained essentially equal to the level observed in 
the pure helium spectrum and spectral interferences from 
oxygen lines or bands were not apparent at any of the 
analyte emission wavelengths.(4)
Detection limits and selectivities for several key 
elements in an oxygen-doped system have been given by McLean
as shown in Table 1. No comparison to an oxygen free plasma
was reported. Selectivity was determined by the ratio of 
mass flow rate of heptane to the mass flow rate of the 
element required to give equal signals at the element- 
selective emission wavelengths. Quimby reported the data in 
Table 2 to support the use of oxygen in a commercially
available He MIP. Oxygen was found to work best for the 
determination of carbon, hydrogen, deuterium, chlorine, 
bromine, and nitrogen when held at 0.10 to 0.15% in 
helium.(4,9) Oxygen concentration should not exceed the 
minimum amount necessary to reduce carbon deposits. The 
sensitivity for hydrogen and nitrogen were not affected, 
however a steady decrease in the sensitivity for sulfur and
10
Table 1: Selectivities and limits of detection for
elements in an oxygen-doped He MIP.
Element Detection Limit(pg/s) Selectivity Ratio
D 90 880
F 90 2300
Cl 60 510
Br 91 1300
I 50 400
S 90 390
Table 2: Detection limits and selectivities for elements
in an oxygen-doped plasma at selected wavelengths.
Element Wavelength(nm) MDL(pg/s) Selectivity(xlO3)
Br 478.6 75 19
Cl 479.5 39 25
H 486.1 2.2
C 495.8 12
D 656.1 2.5 0.6
F* 685.6 40 30
N* 174.2 7.0 6
S* 180.7 1.7 150
Hg* 184.9 0.1 3 C
* Uses oxygen/hydrogen mix
11
the halogens was observed with increasing oxygen
concentrations. (4)
In multicomponent samples, a displacement effect is 
sometimes noticed in the chromatogram even with oxygen as a 
scavenger. For example, a carbon-containing compound 
passing through the discharge can liberate trace quantities 
of sulfur from the walls due to a sulfur compound which has 
just previously eluted from the column and formed deposits. 
This resulted in selectivities values for sulfur as low as 
200, based on the relative response of the analyte
containing compound at the analytes emission line versus a 
hydrocarbon at that same line.(11)
The need for oxygen was very pronounced for high
molecular weight hydrocarbons and compounds containing
sulfur to reduce deviations from linearity in the absence of 
oxygen doping. This effect is seen in Figure 1 for the 
detector response of various sulfur/carbon containing 
compounds with and without oxygen addition. This effect 
however was not observed for the nitrogen line at 174.27nm, 
which remained linear regardless of the concentration of 
oxygen.(11)
Two striking disadvantages for the use of oxygen were 
noted by Serravallo. Chromium emission reaches a maximum 
and then decreases quickly with oxygen added above a 
specific threshold. This effect could be explained through 
the reasoning that as more oxygen was added, the OH present 
as an impurity in the helium was converted to excited
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Figure 1. Detector response S and the sulfur 182.63nm 
line as a function of dilution tine(«in).
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state oxygen atoms which combine with chromium to form a 
complex species. Also, some of the background of the 
spectra could be attributed to the formation of OH, so 
determinations in some useful analytical wavelength regions 
for chromium (i.e. 280-320 nm) must be excluded.(10)
nitrogen. Nitrogen addition to the carrier gas has
been shown to allow for the selective determination of 
oxygenated compounds. Slatkavitz reported that for a
carrier gas doped with nitrogen, the detection limits for 2-
propanone and methanol ranged from 2.7 to 12.0 ng/s 
oxygen.(7)
Ke-Wei found that an optimum flow rate of nitrogen was
1 mL/min or about 0.5% nitrogen in helium to minimize the
negative oxygen signal and to maximize the sic 
ratio, but an excess of nitrogen decreased the carbon 
emission due to the formation of CN species.(12)
Nitrogen gas mixed with 10% methane has given excellent 
results as a scavenger gas by virtually eliminating negative 
baseline peaks for carbon-containing compounds on the oxygen 
channel while determining oxygenates versus non-oxygenates. 
This can be explained by looking at the
case of using a nitrogen/hydrogen mix instead. All 
carbon-containing compounds give a response on the oxygen 
channel, as shown by Slatkavich, and when using the 
nitrogen/hydrogen mix the oxygenates and non-oxygenates show 
prominent "zig-zags" in the chromatographic peak, which are
14
responses with both positive and negative excursions from 
the baseline as seen in Figure 2. But, when switching to a 
scavenger gas that already contains carbon, such as the 
nitrogen/methane mix, the "zigzags” do not show up even for 
the largest hydrocarbons.(9) The only apparent disadvantage 
to using nitrogen is that it produces strong molecular bands 
throughout the UV/VIS region of the spectrum from the 
formation of CN.(4)
Hydrogen. Hydrogen has been widely utilized as a 
scavenger gas for the determination of phosphorus, 
oxygen and boron. Hydrogen reduces the level of oxygen(I) 
background emission in helium plasmas and is important in 
selective oxygen detection.(13) Slatkavitz reported that as 
more hydrogen was added, the negative first derivative-like 
peak was reduced, but eventually positive response 
diminished and a bright red hue appeared in the plasma. 
This unusual peak shape can be explained as follows: 
Oxygen-containing compounds entering the helium plasma are 
fragmented and atomized. Oxygen emission is observed as a 
positive response above the elevated baseline from 
background oxygen. Carbon and hydrogen from the sample 
then react with the oxygen to form CO, C02, and OH. This 
consumption of oxygen gives a drop below the baseline oxygen 
level, which was elevated previously due to the initial 
addition of oxygen. This is called the "atomic
emission-followed-by-molecular emission" mechanism. The
15
Figure 2 Nitrogen spectra* of a three-channel 
chromatogra* with hydrogen reagent gas
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added hydrogen therefore combines with the background oxygen 
present before the ^sample is added to lower the initial
baseline thereby minimizing the negative oxygen peak. The
suggested flow rates were 0.1 and 0.5 mL/min which 
correspond to 0.1 and 0.4% (v/v) hydrogen to helium
respectively.(7) Bradley suggested higher levels from 0.6 
to 2.4% (v/v) hydrogen because that range gave reasonable
sensitivity and selectivity with minimal amount of negative 
hydrocarbon response.(13)
Hydrogen combines with nitrogen as exhibited by the 
fact that the NH line increased in the spectra while there 
was a subsequent decrease in the N2 and N2+ lines in the 
plasma gas.(14) Hydrogen scavenger gas does have one 
major disadvantage when working with silica or sapphire 
discharge tubes in that it greatly reduces the tube
lifetime.(15)
Effects of Scavenger Gases on Elemental Response
Sulfur, Sulfur compounds can deposit substantial 
quantities of sulfur on the walls of the plasma discharge 
tubes. If a pure helium plasma is passed through the tube, 
the sulfur deposits will eventually start to come off of the 
walls causing a delayed response and a smaller slope in the 
detector response. After operating the discharge without 
oxygen for sometime, the addition of oxygen was found to 
cause a rapid removal of the deposit with the sudden
17
development of a very large sulfur atomic emission signal. 
Oxygen initially added to a high powered, low pressure MIP 
gave no deposits and a linear response to sulfur atom 
numbers in parent compounds.(11) The oxygen was added at 
approximately 10-100 mTorr relative to the helium (2 
Torr).(ll) VanDalen showed that nitrogen reduced sulfur 
compounds collecting on the quartz tube and subsequently 
increased detector response to carbon and sulfur twofold.(4)
Phosphorus. Nitrogen and hydrogen have proven to be 
the best scavenger gases for the determination of 
phosphorus. Uden reported that continuously doping the 
helium plasma with hydrogen at a flow rate of about 0.5-1.0 
raL/min with a total helium plasma flow rate of 254 mL/min 
improved the detection of phosphorus in (CH30)3P=0 by 2 to 3 
fold. The data for P(I) were reported as follows:
Bache and Lisk found that the selectivity ratio versus 
phenanthrene for the most intense phosphorus atomic line was 
1000.(16) VanDalen reported, as he did for thiol compounds, 
that nitrogen would also give the same improvements in 
detection.(4)
Absolute Detection limits(pg) 
Detection Limit (pg/s) 
Selectivity versus carbon 
Linear Dynamic Range
56
3.3
1.06X104 
5xlOa
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fiSEQQ. Hydrogen appeared to be the best scavenger gas 
for the determination of boron. Krull reported that 0.2% 
hydrogen in helium helped to improve the boron compound peak 
profiles and maximize peak heights. The subsequent tailing 
or "ghosting" could be readily removed from the spectral 
emission with the added hydrogen.(15)
Estes et. al. reported that hydrogen doping was 
essential to maintain chromatographic efficiency (i.e. no 
tailing effects) and good elemental detection limits.(14) 
The pure plasma showed an initial spike with a secondary 
response which tailed for several seconds. The spike 
corresponded to the initial chromatographic band of boron 
compound being fragmented and excited by the discharge with 
boron deposition on the discharge tube walls, perhaps as 
boron oxides or boron silicates. The following secondary 
response was attributed to the boron species volatilizing 
from the tube walls. The hydrogen supposedly eliminated the 
oxide or silicate deposition through binding of oxygen 
species as hydroxides, which produced a reductive atmosphere 
and provided continuous "scrubbing" of the walls.(14)
Halogens. The halogens comprise a class of elements 
that have been widely investigated in looking for 
optimization of detection limits and selectivity in the He 
MIP. Quimby and Sullivan suggested that the optimum 
scavenger gas was oxygen for chlorine and bromine and an 
oxygen/hydrogen mix for fluorine. (9) The data shown in
19
Table 3 for a doped plasma were collected in the Quimby 
study. Data for the non-doped plasmas were converted to the 
standard compounds used by Quimby for comparisons. A point 
to note is that even though selectivity is improved with 
added scavenger gases, the minimum detection limit for the 
halogens investigated increased.
Koirtyohann stated that nitrogen could be used for 
improvement on chlorine and fluorine selectivity, but the 
levels of nitrogen were so low (i.e. 0.001-0.01% of nitrogen 
in helium) that even if nitrogen greatly improved the 
selectivity, it would be difficult to monitor concentrations 
that low.(19) Beenakker stated that the linear range was 
not affected substantially by the addition of oxygen or 
nitrogen.(8) The concensus of articles appears to favor the 
use of oxygen over nitrogen for the halogens, because 
required concentrations are more practical and the 
production of complex band spectra is lower.
Metals. Hydrogen scavenger gas gave much better peak 
shapes for the reduced pressure GC-MIP for organomercurials 
than did oxygen scavenger gas with a detection limit of 100 
pg. A 1 pg detection was achieved with an atmospheric 
pressure system, and selectivity was increased from 200 to 
10,000.(20) Chromium on the other hand responded very well 
to oxygen as a scavenger gas. When complex chromium 
compounds were introduced into the plasma at 1 ug/sec, trace 
quantities of oxygen produced atomic chromium emission
20
Table 3: Detection limits and selectivities for oxygen
doped plasmas versus recalculated data for 
oxygen free plasmas at selected wavelengths.
(Scavenger
used) (No Scavenger Used)
Element Wavelength Quimby Refl4 Refl7 Refl8
__________ COIL)_______ MDLa SEl£ MDL SEL MDL SEL MDL SEL
Br 470.4 67 1.0 20 1.4 38 .53
478.6 75 19 - -
Cl 479.5 39 25 86 1.5 32 1.0
481.0 - - - 32 2.4
F_______ 6£5.,6_______4Q___30 180 11 17__2_1_§__11___._32.
a. MDL = Minimum Detection Limit (pg/s)
b. SEL = Selectivity (x 103)
21
instead of molecular emission and kept the discharge tube 
from plating solid chromium.(10) Another interesting result 
was that when 1.0% hydrogen was added to plasma support gas, 
lead deposits were prevented from depositing on the quartz 
plasma containment tube when investigating lead compounds 
such as tetramethyl- and tetraethyllead.(21)
Applications to a Helium Discharge System.
Using a scavenger gas to control carbon deposition and 
to improve selectivity is an attractive choice for the 
improvement of the helium discharge detector(HDD) currently 
under investigation in this laboratory. The flow rate for 
the GC-HDD is typically 60 mL/min, which fits very well 
within the conditions developed for the He MIP (.01-.20% 
scavenger in 45-90 mL/min of helium). Carbon deposition on 
the quartz tube has been a symptomatic problem with the HDD 
system, and the addition of scavenger gas could virtually 
eliminate this buildup. The effects of trace impurities in 
the carrier gas could be minimized if the scavenger gas 
produced molecules with the impurities which would not be 
detrimental to the background noise or the formation and 
detection of analyte elemental emissions.
A major area of improvement for the HDD system could be 
in the reproducible detection of the halogens. An oxygen 
scavenger gas could increase selectivities and possibly 
reduce the molecular emission in the background spectra. 
The scavenger gases also work well in the near IR region,
22
which parallels the HDD system with respect to sensitive 
analytical wavelengths for a number of elements.(1) The use 
of a scavenger gas may potentially be helpful in the overall 
performance of the GC-HDD system.
23
Chapter II 
Experimental Procedures
Instrumentation
Heliu» Discharge Detector. a schematic diagram of
the helium discharge detector assembly is shown in Figure 3. 
The electrodeless discharge is sustained in a 3 mm o.d. by 1 
mm i.d. quartz tube, surrounded by a 2 cm long cylindrical 
stainless steel electrode. The electrode is connected to a 
high voltage, variable frequency power supply and is 
completely surrounded by a Macor ceramic insulator. The 
discharge power supply is frequency tuned to 176 kHz to 
minimize reflected power.
There are two distinct regions of the discharge. The 
region of the quartz tube that is surrounded by the 
electrode is designated as the primary discharge region, 
which continually generates a secondary discharge region. 
The secondary discharge region is located in the 2 cm 
extension of the quartz tube above the insulated electrode 
and is capacitively coupled to a grounding electrode at the 
tip of the tube opening. All optical emission is monitored 
from the secondary discharge region.
The quartz tube is mounted and sealed by a Swagelok 
fitting on a thermally regulated, stainless steel heater
24
Figure 3. Schematic diagram of the helium discharge 
assembly
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block which serves to keep the end of the GC capillary 
column at or above the temperature of the GC oven to 
minimize band broadening. The polymeric coating on the last 
8-10 cm of the GC column must be stripped off with hot 
sulfuric acid in order to avoid interactions with the 
primary discharge and subsequent polymer deposits on the 
inside of the quartz tube. The GC column is inserted and 
sealed at the base of the heater block assembly and 
positioned so that the column exit is located at the 
beginning of the secondary discharge region. The GC eluents 
enter only the secondary discharge region and cannot affect 
the excitation processes that produce the discharge species 
in the primary discharge region. The helium flow used to 
sustain the discharge assembly enters a port on the side of 
the heater block. The entire assembly is mounted on the 
top of the GC oven.(1,3)
A schematic diagram of the entire GC-HDD system is 
shown in Figure 4. The flow rate of the chromatographic 
grade helium (99.9999%, Air Products) is monitored with a 
digital flow meter and then passed through a heated 
catalytic purifier (Supelco) to remove trace impurities, 
e.g. Oa , HaO, and hydrocarbons, prior to entering the 
discharge assembly. (1)
Optical emission from the secondary discharge is 
focussed through a 50 mm focal length CaF2 lens into a 0.5 m 
monochromator. A photomultiplier tube is used to 
detect the desired wavelength of emission. Optical
26
Figure Schematic diagram of the GC—HDD system.
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filters may be placed between the discharge and the 
focussing lens to eliminate second and/or third order 
spectral interferences, e.g. CN, N2, CO, when monitoring the 
visible and near infrared spectral regions. The
monochromator was purged with nitrogen for analytical 
wavelengths below 190.0 nm to minimize characteristic 
absorption from molecular oxygen in the vacuum UV region. 
Amplified signals could be simultaneously recorded on a 
stripchart recorder and stored on an interfaced IBM PS/2 PC, 
with an Axxiom Chromatography Data System(A/D interface and 
software). Typical operating parameters and instrument 
specifications are summarized in Table 4.
Gas Mixing System, a schematic diagram of the system 
used to regulate and mix scavenger gases into the primary 
gas flow of the helium discharge detector is shown in Figure 
5. Experimental conditions typically required less than 0.6 
mL/min of the scavenger gas mixed with the detector helium 
(<1.0% of the total gas flow). The flow meter required 
alterations to accomodate the small flow rates of scavenger 
gas by venting a majority of the scavenger gas from the 
input of the flow meter through an HP 5080-6710 flow 
controller obtained from an old HP gas chromatograph.
The residual gas flow passing through the rotometer 
style meter (Matheson) was connected directly to a T-valve. 
The valve was connected in such a manner that a 1 mL 
graduated pipet could be connected via a Swagelok fitting
28
Table 4. Overview of normal operating parameters -
Helium Discharge Detector
Helium flow rate 60 ml/min
Voltage 6500 V (RMS)
Frequency* 176 kHz
Load Power 60W
(Load Power represents Forward Power - Reflected Power)
* Model HPG-2 (ENI Power Systems)
Monochromator 
Slit Width
Purging Gas (below 190.00nm ) 
Photomultiplier Tube (PMT)
PMT Voltage 
Amplifier
Integrator
0.5 (Minuteman, Model 305M)
150 urn
Nitrogen
R758 ( Hamamatsu )
1060 V ( Keithley Model 247 ) 
Keithley Model 485 
picoammeter 
Axxiom Chromatography
System with IBM-PS/2 £2i
Gas Chromatographic System
Gas Chromatograph ( GC ) 
Injection Mode 
Carrier Gas 
Column
Carlo Erba Model 4180
On-Column
Helium
DB-5, 30m x 0.25 i.d. 
(J&W Scientific)
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Figure 5. Schematic diagram of the scavenger gas line 
assembly.
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and serve as a bubble meter. The flow of the scavenger gas 
could then be temporarily vented into the pipet, and the 
time required for the gas to travel 0.10 mL was converted to 
a flow rate. This allowed for calibration of the arbitrary 
scale on the flow meter to correspond to known flow rates 
for each specific gas. Figure 6 shows the calibrated flow 
rate versus the arbitrary scale on the flow meter for each 
scavenger gas used. The bubble meter connection served to 
periodically verify that the scavenger gas flow into the 
detector was accurate and reproducible.
The T-valve was normally oriented to direct the gas 
flow to a shut off valve prior to entering the main 
discharge helium flow at a T-junction. The lines that 
connected the scavenger gas tank to the flow meter and 
subsequently to the detector were thoroughly purged 
overnight when switching to a different scavenger gas.
Reagents and Standard Solutions
A compilation of the compounds used, concentrations, 
and the specific experimental parameters for each analyte 
studied is shown in Table 5. Physical constants for each 
compound used are listed in Appendix A. A suitable 
concentration for each analyte in solution was determined 
based on sensitivity and selectivity data compiled in 
previous publications for the helium discharge system.(1)
The compounds under consideration as analyte references 
were chosen by several factors. The compounds should have a
Figure 6. Plot of flow rate vs. flow neter scale 
for hydrogen, nitrogen, and oxygen.
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Table 5. Experimental parameters for test compounds.
Element Compound(s)
Tested
Temperature
Program*
Analytical
Wavelength
(nm)
: Concentratton (ng/iiL)'} Scavenger
Gases
Used
Analyte
Element
Octane
**
Cl
Chlorobenzene 
1,4-Dlchlorobutane
65(2)-1 0-100(5) 837.69 1 50 Oxygen
Br
Z 3-Olbromobutane 
p-Dlbromobenzene
66(5)-15-200(15) 827.40 1 50 Hydrogen
Oxygen
Nitrogen
F
Fluorobenzene 35-5-70 685.60
739.87
10 100 Nitrogen
Oxygen
1
lodobenzene
lodoheptane
66(4)-20-230 905.83 1 200 Hydrogen
Nitrogen
Oxygen
S
1.2-Ethanedithlol
1.3-Propanedlthiol
66(2)-1 0-200 180.73
921.29
5 50 Hydrogen
Nitrogen
Oxygen
P
Trlmethylphosphate 65(3)-1 5-160 213.54
253.56
10 100 Hydrogen
Nitrogen
Sn
Tetraethyltln 65(2)-25-230 242.90 10 100 Hydrogen
Oxygen
Si
Tetraethylorthosilicate 66(2)-25-230 190.13 10 100 Hydrogen
Oxygen
* Initial Temperature °C(hold time in minutes) - temp, ramp 
°C/min - Final Temperature °C (hold time)
** Used for selectivity evaluations.
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relatively low carbon content to eliminate false enhancement 
or diminishment of the analyte signal from non-analyte 
signals detected at the element selective analytical 
wavelengths for each element. A final consideration was of 
elements in the compound other than the analyte element, 
carbon, or hydrogen. Oxygen is known to suppress analyte 
signals in pure helium detectors. This will be further 
explored in the specific analyte element sections.
Octane was added to each test solution according to the 
concentrations listed in Table 5. Octane served as a non­
analyte reference with which to compare the individual 
analyte signals. This comparison translates into
f<selectivity” as defined in the next section. The octane 
was distilled to avoid extraneous peaks in the chromatogram.
The solvent was chosen to elute before any analyte or 
reference compounds. Hexane was typically used as the 
solvent for all solutions except for fluorine compounds. 
The low boiling point of fluorobenzene required pentane as 
the solvent. All solvents were purified by fractional 
distillation.
Stock solutions of each separate compound were made by 
dissolving appropriate uL amounts of each compound in hexane 
or pentane to yield stock solutions ten times more 
concentrated than the solutions used in the study (see Table 
5). The stock solutions were primarily used to determine 
retention time and order of elution in the chromatograms.
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Retention times for each compound under the prescribed 
temperature programs are given in Appendix B.
General Operating Procedures
Appropriate analytical wavelengths for each element 
were selected from the CRC Handbook of Chemistry and Phvsics 
and from previous publications on the HDD system. Several 
known analytical wavelengths for each element were 
investigated. Solutions containing the analyte elements of 
interest were run through the GC to determine the elution 
times of the compounds. Analytical wavelengths were 
optimized through a series of GC runs of test solutions 
coupled with manual adjustment of the monochromator 
settings.
The pure helium discharge was initially used 
selectively detect atomic emissions from GC 
aspirated from 1 uL injections into the GC. All injections 
were performed in triplicate under any given specific 
experimental parameters before conditions were changed. The 
scavenger gas was then allowed to enter the discharge and 
mix with the helium at known flow rates. The scavenger gas 
was allowed 30-60 minutes to equilibrate with the He system. 
Solutions were then run in triplicate or until the 
selectivity could be accurately reproduced before the flow 
rate of the scavenger gas was changed. Solutions were run 
at increasing flow rates of scavenger gas until either the
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selectivity substantially diminished or background 
enhancements suppressed the analyte signal.
The system was prepared for the next scavenger gas, by 
purging overnight with the next dopant to be used.
Methods of Calculation
Certain terms and calculations are presented in the 
Results and Discussion Section that will now be defined and 
described. These terms include sensitivity (limits of 
detection), background noise, and selectivity. Sensitivity 
is the degree of the instrument response with respect to the 
amount of analyte present. The limit of detection is 
directly related to the sensitivity. The limit of detection 
is defined as the amount of analyte that it would 
theoretically take to produce a peak height three standard 
deviations above the mean background. Background noise 
refers to the continuous output signal generated by the 
emission detector during normal operation with no sample 
passing through the column. Selectivity is the ability to 
measure analytes on the basis of some distinguishing 
physical property (in this case, atomic emission) relative 
to a non-analyte species.
A set of sample calculations for chlorine are shown in 
Table 6. The first set of calculations show the standard 
deviation and mean derived from the background noise. Forty 
consecutive points from the background of the digital 
signals generated by the Axxiom Chromatography software were
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Table 6. Sample calculations for chlorine.
Mean and Standard Deviation
Baseline/Background noise collected for chlorine with 
.045% oxygen in 60 mL/min helium flow.
16132 16219 16685 16224 16220
16462 16235 16493 16544 16493
16108 16879 16899 16340 16096
17282 16832 16012 16212 17131
16483 15993 16404 16671 16048
16331 16495 16245 15557 16769
16547 16133 15637 17025 16396
16400 15888 16920 16209 16734
Mean (Baseline): 16410
Standard Deviation (Background noise): 380
Limit of Detection for Chlorine in Chlorobenzene
Standard Deviation x 3 = Smallest Detectable Peak
Height
381 x 3 = 1143
Subtract the mean baseline from the total 
chlorobenzene peak height to obtain the 
actual chlorobenzene peak height.
69332 - 16409 = 52923
Algebraically determine that if 1 ng of chlorine gave 
a peak height of 52923, what concentration 
will give a peak height of 1143.
x/1143 = lng/52923
x = 0.022 nanograms (22pg) = limit of 
detection
Selectivity
Non-analyte (octane) peak area = 5274
Chlorobenzene peak area = 32351
lng Cl per 50ng Octane
32351 x 50 
5274
= 307 = Selectivity
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randomly selected. The standard deviation and mean 
calculations were performed on these numbers using Quattro 
Pro 3.0 software. The standard deviation was multiplied by 
three to determine the smallest detectable peak height. The 
limit of detection can be calculated by comparing the peak 
height from a known amount of analyte to the smallest 
detectable peak height, and then the concentration needed to 
produce the minimum detectable peak height can be 
determined. This method assumes that the signal or peak 
height relative to the concentration behaves in a linear 
fashion.
Selectivity can finally be determined. The peak area 
of a non-analyte reference (in this case octane) is compared 
to the peak area of the analyte. The ratio of those peak 
areas, after adjustments for concentration differences, 
gives the selectivity of the analyte.
Each of these calculations must be performed for each 
analyte when any experimental condition is changed 
(scavenger gas, flow rate, analytical wavelength). These 
calculations are done for each run, but only the average 
calculations are presented in the Results section. Once 
again a linear relationship is assumed with respect to the 
concentration/signal adjustments for the analyte/octane 
pairing.
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Chapter III 
Results and Discussion
General. Operation of the Helium Discharge Detector
The detector is unique in a variety of ways relative to 
more conventional gas discharge systems. The discharge is 
typically self-initiating and requires no external ignition,
i.e. a Tesla coil. The salmon-colored discharge is less 
intense than an ordinary candle. The radiative temperatures 
generated from the walls of the quartz tube in the secondary 
discharge region are relatively low (300-350 C). The 
excitation temperatures of the pure He discharge have been 
spectroscopically measured to be approximately 2500 K.(3)
The most unique feature of the HDD is that the GC
eluents are introduced directly into the secondary discharge 
region as opposed to the plasma source, or primary discharge 
region. The GC capillary column exit is located at the base 
of the secondary discharge region, so the primary discharge
is never quenched by the solvent and can continually
reestablish the secondary discharge. All other plasma 
systems (MIP,ICP) are based on the analyte, solvent, etc. 
passing through the entire plasma.
Solvent venting hardware is not necessary to insure 
that the plasma is not extinguished as is the case of
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typical MIP systems, but excessive amounts of solvent (3-5 
uL) will result in carbon deposition on the quartz walls.(1) 
A stable baseline emission signal is reestablished after the 
solvent has eluted owing to the fact that the primary 
discharge is never perturbed by the GC eluents.(1)
The beforementioned properties of the HDD open 
possibilities for problems under continued use. The 
relatively low radiative temperature emitted from the quartz 
walls leads to plating out of carbon, which is not 
appreciably volatile below 3500 °C, from excessive sample 
loads. After extended use, this will lead to a decrease in 
detected emissions and subsequent decrease in analytical 
performance. Reductions of carbon deposition also can allow 
for larger volumes of solvent that can be eluted through the 
discharge, as long as the GC capillary column can handle the 
solvent loads.
Even though the discharge is self-initiating, the pure 
He discharges tend to take longer to ignite with continuous 
day to day usage. A general observation made during this 
research was that the discharge ignited faster and cleaner 
if scavenger gases had been used the previous day. This 
observation is best explained by the fact that trace 
contaminants in the helium as well as residual scavenger gas 
contaminants, such as N, 0, and H, are pressurized in the 
gas line between uses. The contaminants have substantially 
lower ionization potentials than helium, which serve as 
"electron—seeds" to ignite the plasma faster.
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General Spectral Characteristics of the HDD
Purfe-Heliuro Discharge
The background spectra of the normal HDD in the 200-400 
nm and 500-900 nm regions are shown in Figure 7. No 
significant emissions are observed or characteristic 
analytical wavelengths used in the 400-500 nm region. The 
characteristic emissions observed for each spectral region 
are labeled. In the UV/VIS region of the spectrum, diatomic 
molecular emissions produced in the secondary discharge from 
species such as CO, N2, NO, and OH have a significant impact
on the background emissions and the selective detection of 
specific atomic emissions for the element ~nng 
investigated. Emission from species such as N2+ and Co 
rationalized by the fact that the energy required to produce 
the observed molecular band systems coincides with the 21S 
and 23S He metastable states, thus allowing for efficient 
resonance energy transfer processes to occur.(1)
Background emission above 500 nm is mainly restricted 
to atomic emissions from He, H, N, and O from the impurity 
gases. The intensity of these emissions depends on the 
level of trace impurities in the helium support gas. Other 
emissions, such as atomic emissions from neon and argon, can 
be observed depending on the source of the helium.
Atomic emissions and molecular bands that are more 
prevalent with the addition of scavenger gases will be 
labeled on the pertinent individual spectrum as they appear 
in subsequent sections. A valley in the spectrum refers to
Relative 
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Figure 7. Background spectra with no scavenger gas added
from A. 200r400 nm B. 500-900 nm.
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the low points between the emission lines or bands. If the 
analytical wavelength being investigated lies in a valley, 
then the background level and noise on the chromatograms 
will be relatively low. This is an important factor to be 
considered in the elemental analysis for limits of 
detection.
Helium Discharge with Added Scavenger Gases
Hydrogen. Spectra taken from 200-400 nm and 500-900 nm 
with hydrogen as a scavenger gas are shown in Figures 8-10. 
The percentage of scavenger gas added was 0.50% in a total 
flow of 60 mL/min helium. An orange filter which cuts off 
emissions under 500 nm was used on the monochromator for the 
500-900 nm region to minimize second and third order 
interferences.
Characteristic oxygen and nitrogen lines are reduced 
and some are eliminated entirely in the 500-900 nm regi^ 
shown in Figure 9. A considerable enhancement of the 
hydrogen emission line does appear at 656.28 nm, but this is 
the only strong emission in this region for atomic hydrogen.
Figure 10 shows the 200-400 nm region with and without 
hydrogen scavenger gas. Molecular band emissions, such as 
OH and NH were observed to increase in this region. This 
observation can be explained by the following. In the pure 
He plasma discharge, the dissociation of H2, N2/ and 0a
contaminants in the primary discharge leads to N, O, and H 
atoms in a multitude of energy states. Under normal
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Figure 8. Background spectra with 0.50% hydrogen added
from A. 200—400 nm B. 500-900 nm.
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Figure 9. Background spectra from 500-900 nm with
A. No hydrogen added B. 0.50% hydrogen added.
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Figure 10. Background spectra froa 200-400 na with
A. No hydrogen added B . 0.50% hydrogen added.
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conditions, these atoms can recombine to form molecular 
species, such as CO, NO, and CN, which are typically 
observed as background emission. The addition of scavenger 
gases (i.e. Ha) increases the probability of producing more 
molecular species (i.e OH, NH) that are associated with the 
gas through recombination processes. This also explains why 
characteristic N and O atomic emissions are reduced in the 
near IR.
Hydrogen actually decreases the background for 
analytical wavelengths in the 200-300 nm region. The point 
where the positive effect of hydrogen appears to diminish is 
around 0.56% scavenger gas in 60 mL/min helium. The effects 
of hydrogen on the background and limits of detection of 
each element investigated will be discussed later in the 
section on the individual elements.
Oxygen. Spectra taken from 200-400 nm and 500-900 nm 
with oxygen as a scavenger gas are shown in Figures 11-13. 
The percentage of oxygen used for these scans was 
approximately 0.28% in 60 mL/min helium.
Figure 11 shows that the best regions for oxygen reside 
from 500-700 nm and above 875 nm. A number of prominent 
oxygen emission lines between 700-880 nm exist, and these 
lines are very apparent in the 0.28% oxygen scan in Figure 
12 compared to the pure helium background scan. The 
hydrogen emission at 656.28 nm and the nitrogen emissions 
have decreased with the addition of oxygen, and the
Relative 
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Figure 11. Background spectra with 0.28% oxygen added
froat A. 200-400 nm B. 500-900 nm.
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Figure 12. Background spectra from 500-900 nm with
A. No oxygen added B. 0.28% oxygen added.
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Figure 13. Background spectra from 200—400 m  with
A. No oxygen added B. 0.28% oxygen added.
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incidence of OH and NO emissions in the UV region have 
increased. The reasons for these observations are analogous 
to the previous discussion with hydrogen.
Figure 13 shows the 200-400 nm region with and without 
oxygen as a scavenger gas. In the UV region, the valleys 
are consistent with those observed in the pure helium 
spectrum. The characteristic molecular band emission lines, 
such as NO and OH, do increase in intensity with added 
scavenger gas. These lines are characteristic of the pure 
helium spectrum as well and would not be useful wavelength 
regions for elemental analysis with or without a dopant.
Nitrogen. Spectra taken from 200-400 nm and 500-900 nm 
with nitrogen as a dopant are shown in Figures 14-16. The 
percentage of scavenger gas added was less than 0.10% in 60 
mL/min helium.
There are very few regions of the spectrum where 
nitrogen is useful, as shown in Figure 14. All
characteristic lines are increased off of scale, and all 
nitrogen lines between 650-900 nm that would normally be 
minor are greatly enhanced. Figure 15 shows the comparison 
of the 500-900 nm region with and without nitrogen. The 
absence of useful valleys for analytical wavelengths 
suggests that the elemental chromatograms using nitrogen as 
a scavenger will be overcome by increases in background 
noise.
Relative 
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Fiqure 14. Background spectra with <0.10% nitrogen added
from A. 200-400 nm B. 500-900 nm.
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* Figure 15. Background spectra fro* 500-900 nm with
A.Mo nitrogen added B.<0.10% nitrogen added.
too 900500 600 700
700600500 800 900
Wavelength (nm)
53
Figure 16. Background spectra from 200-400 nm with
A.No nitrogen added B.<0.10% nitrogen added.
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Figure 16 shows the region of 200-400 nm with and 
without nitrogen as a dopant. All of the characteristic NO 
lines as well as the N2+ and NH lines were increased 
substantially. The valleys become smaller, thus making 
this a very difficult region in which to find a suitable 
analytical wavelength. In general, nitrogen increased the 
background noise systematically as the concentration of 
nitrogen increased for all elements investigated.
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Elemental Analysis
Overview, Virtually any analytical wavelength can be 
subjected to spectral interferences. There are a number of 
prevalent atomic and molecular band emissions observed in 
the HDD system whether it be in pure helium or with the 
addition of scavenger gases. These emissions can cause 
minimal to dramatic changes in the baseline and background 
noise depending on their proximity to the analytical 
wavelength, thus affecting selectivity and limits of 
detection.
The atomic emissions that are prevalent in the HDD are 
atomic nitrogen, oxygen, and hydrogen. These lines are very 
discrete and will only affect an analytical wavelength that 
is within 0.5 nm on either side of the atomic line based on 
the bandpass typically used with the monochromator. Thus, 
background atomic emissions do not typically affect the 
overall baseline and background noise for most analytical 
wavelengths of interest.
The major contributor to increases in baseline and 
background noise is molecular band emissions. These peaks 
have a greater tendency and probability to overlap the 
analytical wavelength, and the degree of overlap determines 
the increase of the baseline and background noise. The 
molecular bands that are major contributors to baseline 
level and background noise in the HDD are CN, CO, NH, OH, 
NO, and N2 in the UV region; and CN and Na in the UV/VIS to 
IR which affect the limits of detection.
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The molecular bands which affect the selectivity 
(primarily the ability to distinguish from carbon species 
not containing the analyte element of interest) include CO, 
CH, CN, and C2. Poor selectivity in a pure He discharge is 
the result of producing one or more of the diatomic carbon 
species in excited states which ultimately produces 
molecular emission which overlaps with the analytical 
wavelength for the specific element being detected. The 
addition of scavenger gases either prevents the formation of 
the interfering species or produces a more favorable species 
with spectral characteristics far less detrimental to the 
wavelength region of interest. These considerations are the 
primary focus when considering the various aspects of 
scavenger gas addition for selective detection of the 
elements to follow.
Chlorine. Analytical data collected for chlorine with 
the addition of oxygen as a scavenger gas is shown in Table 
7. The wavelength chosen for chlorine was 837.59 nm, which 
has been shown to be the optimum analytical wavelength 
within the instrumental limitations of the current HDD 
system.(23) The selectivity and limits of detection as a 
function of percentage oxygen added are plotted in Figures 
17a and 17b respectively. The selectivity increased by 230% 
with 0.17% oxygen added. This increase in selectivity is 
primarily caused by a substantial decrease of the octane 
peak area versus a smaller decrease in the analyte peak
Table 7. Effects of oxygen scavenger gas on chlorine
detection. (Wavelength = 837.59 na)
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Figure 17. Effects of oxygen scavenger gas on chlorine 
detection. A. % Scavenger vs. selectivity 
B. % Scavenger vs. linits of detection.
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areas. The limits of detection, on the other hand, 
deteriorated by a factor of 2.5 by the last increase of 
oxygen.
A quantitative explanation can be derived to account 
for the increase in the LOD based on peak height, baseline 
height, and background noise. The relative baseline 
increased sharply with initial addition of oxygen, and then 
leveled off as shown below:
% Scavenger Relative Mean Baseline(uV)
0 9030
0.05 16410
0.11 14990
0.17 15070
The analyte peak height increased as well as the baseline by 
about 45% on the first addition of oxygen. No significant 
change in background noise was observed, thus the limit of 
detection was virtually unchanged. The limits of detection 
start increasing as the peak heights decrease, since the 
baseline remains at a relatively constant and elevated 
level.
Oxygen was the only scavenger gas tested on chlorine 
because oxygen produced good results for the initial runs, 
and time did not permit to return and test the remaining 
gases. The concentration of scavenger gas that produced 
overall better results was 0.17% oxygen. The limits of 
detection are compromised somewhat as discussed above,
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however the selectivity over non-analyte species more than 
tripled.
The effects of the addition of oxygen can be 
mechanistically considered. The predominant molecular 
emission in the near IR which could effectively degrade
selectivity is a weak red CN system. The dissociation of
nitrogen impurities could ultimately lead to the formation 
of emissive CN species which overlap the analytical 
wavelength of interest. The addition of oxygen reduces the 
probability of atomic carbon from the solvent, the octane, 
and the compound under investigation combining with other 
contaminants in the pure plasma. Molecular CO could
preferentially be formed, which has more prominent emissions 
in the UV region of the spectrum. This recombination could 
thus reduce CN emission which impedes selective chlorine 
detection and increases selectivity.
The disadvantage is that the baseline and background 
noise increase due to the addition of oxygen. This increase 
is probably the result of substantial stray light in the 
monochromator being detected from the many atomic oxygen 
emissions in the near IR region. This will lead to an
increase in the limits of detection based on peak heights. 
Some of the chlorine emission signal is diminished as shown 
by the 38% decrease in peak area at 0.17% oxygen added. The 
energy transfer mechanisms responsible for the production of 
atomic chlorine emission in the pure helium plasma are in
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all probability partially diverted due to the interaction 
with the additional oxygen.
Bromine. Tables 8-10 show the analytical data 
collected for bromine using oxygen, hydrogen, and nitrogen 
scavenger gases respectively. All measurements were taken 
at an analytical wavelength of 827.24 nm. . The selectivity 
and limits of detection plotted as a function of percentage 
of scavenger gas added are shown in Figures 18a and 18b.
The hydrogen dopant dramatically increased the 
selectivity with the octane peak virtually vanishing on the 
first introduction of dopant. When the nitrogen is 
initially added to the plasma at 0.04%, all of the peak 
areas increase, and then on the second addition (0.13%) the 
peak areas drop back almost to their initial values. There 
were no significant changes in selectivity with nitrogen and 
additive increments were not pursued. Only one addition of 
oxygen was considered due to substantial decreases in all 
peak areas.
The scavenger gases used showed completely different 
effects on the average baseline signals, as given in Table 
11. Oxygen in this case actually decreased the baseline, as 
opposed to nominal increases for nitrogen and hydrogen. 
Even though the bromine peak areas increase, the background 
noise increased as well, resulting in an increase in the 
limits of detection. The limits of detection increased
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Table 8. Effects of oxygen scavenger gas on bromine
detection. (Wavelength = 827.24 nm)
% Oxygen 
Added In 
60ml/mln He
Average Peak 
Areas*
% Peak Area 
lncrease(+)/ 
Decrease (-)
Average
Selectivity
% Selectivity 
lncrease(+)/ 
Decrease(-)
Limit of 
Detection 
(pg Br)
1. 2020
0 2. 3440 N/A 80 N/A 9
3. 3000
590 -71
0.02 1360 -60 106 +30 22
1110 -63
*Peak Area Represents: 1. Octane 2. 23-Dlbromobutane 3. p-Dibromobenzene
63
Table 9. Effects of hydrogen scavenger gas on bromine
detection. (Wavelength = 827.24 nm)
% Hydrogen 
Added in 
60ml/min He
Average Peak 
Areas*
% Peak Area 
lncrease<+)/ 
Decrease (-)
Average
Selectivity
% Selectivity 
lncrease<+)/ 
Decrease (-)
Limit of 
Detection 
<pg Br)
1. 1200
0 2. 420 N/A 20 N/A 9
3. 390
230 -81
0.11 310 -26 60 +260 17
255 -35
90 -93
0.17 250 -40 120 +600 17
190 -51
0.23
60
200
160
-95
-52
-59
150 +785 15
*Peak Area Represents: 1. Octane 2. 2,3-Dibromobutane 3. p-Dforomobenzene
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Table 10. Effects of nitrogen scavenger gas on bromine
detection. (Wavelength = 827.24 nm)
% Nitrogen Average Peak % Peak Area Average % Selectivity Limit of
Added in Areas* lncrease(+)/ Selectivity lncrease(+)/ Detection
60ml/min He Decrease(-) Decrease (-) <P9 Br)
1. 486
0 a  230 N/A 20 N/A 21
1. 130
670 +40
0.04 320 +40 20 +8 26
200 +66
470 -3
0.13 230 0 23 +20 37
160 +26
’"Peak Area Represents: 1. Octane 2. a  3-Dibromobutane 3. p-Dlbromobenzene
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Figure 18. Effects of scavenger gases on the detection of
bromine. A. * Scavenger vs. selectivity B.
% Scavenger vs. limits of detection.
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Table 11. Effects of scavenger gases on the average
baseline level.
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Nitrogen
Hydrogen
Scavenger % Average Baseline
0
0.02
7167
2887
0
0.04
0.13
0
0.11
0.17
0.23
4765
4658
7265
10056
14293
13663
12209
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using nitrogen due primarily to substantial increases in the 
background as well as background noise.
A discrepancy exists on both the selectivity and LOD 
graphs in the initial values for the pure helium plasma. 
The runs for each scavenger gas were performed over a span 
of several months. The helium gas line for the detector was 
overhauled to accomodate a second experimental apparatus in 
between these runs. This caused a difference in the level 
of contaminants in the gas line.
Hydrogen was the optimum scavenger gas for bromine. 
The selectivity increased by 770-800%, and the limits of 
detection only increased by 67%. The concentration that 
produced optimum results was 0.23% after which increased 
concentrations caused the selectivity to drop off and the 
LOD to increase.
Mechanistically, the scavenger gases are working in two 
different ways. Nitrogen and oxygen may be combining with 
other atomic species to produce CN and CO respectively, but 
they are not enhancing the analyte peak again due to the 
competition for the helium states responsible for the 
bromine excitation. The hydrogen may be combining with the 
atomic carbon species to form CH, and since there are no CH 
bands or atomic hydrogen lines around the bromine 
wavelength, the bromine emission is enhanced relative to 
non-analyte species and the selectivity is markedly 
improved.
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Fluorine. Oxygen was the only scavenger gas used for 
fluorine. Hydrogen may have worked well except for the 
chance of forming HF which would degrade the quartz tube. 
Nitrogen was found to elevate the background emission to an 
impractical extent in this region of the spectrum due to 
atomic nitrogen emission at 739.86 nm and possibly an N2 
band at 738.86 nm as well.
Table 12 shows the data collected for fluorine at an 
analytical wavelength of 739.87 nm using oxygen as a 
scavenger gas. The data are represented graphically in 
Figures 19a and 19b. Oxygen should not be used unless 
relatively high levels of fluorine compounds are being 
measured. Selectivity does increase with 0.15% of oxygen, 
however the LOD increased by a factor of six to 81 pg. The 
baseline sharply increased with the first addition of oxygen 
as shown below:
% Oxygen Relative Average BaselinefuV’)
0 3840
0.02 32230
0.07 38060
0.15 33650
The reason for this is unknown at this time, as there are no 
atomic oxygen emission lines or diatomic molecular bands
located at this analytical wavelength.
The selectivity dropped initially, as seen in Figure
19a, because the octane peak increased by 200% while the
analyte peak increased by only 20%. The oxygen then aids in 
decreasing the octane peak to allow for an increased
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Table 12. Effects of oxygen scavenger gas on detection of
fluorine. (Wavelength * 739.87 nm)
% Oxygen 
Added in 
60ml/mln He
Average Peak 
Areas*
%  Peak Area 
lncrease(+)/ 
Decrease (-)
Average
Selectivity
%  Selectivity
lncrease(+)/
PecreaseB
N/A
UmKof
Detection
(pqp)
13
0
1. 740 
2. 17000
N/A
_ 230
0.02
-1
---1|--- ■ T.
2200 I +200
! 22000 | +30 100 -60
26
0.07 600 S' -20
10300 | -40 180 -22
<X15
.....
200 I -70
6700 1 -60 380 +66
81
•Peak Area Represents: 1. Octane 2. Fluorobenzene
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Figure 19. Effects of oxygen scavenger gas on fluorine 
detection. A. % Scavenger vs. selectivity 
B. % Scavenger vs. limits of detection.
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selectivity. The increase of the LOD, as shown in Figure 
19b, is not encouraging and does not support use of a 
scavenger gas in this system. The higher baseline and noise 
are the major contributors to this increase in the LOD.
The mechanism is similar to previous halogens with the 
exception of the increased octane peak on the first addition 
of oxygen. More than likely, the oxygen level is only 
sufficient to combine with the species other than the carbon 
produced by the octane. The next level of oxygen is 
sufficient to combine with part of the carbon from the 
octane.
Iodine. Tables 13-15 show the data collected for 
iodine at an analytical wavelength of 905.83 nm. Figures 
20a and 20b graphically show the selectivity and limits of 
detection. The selectivity improved for iodine using all 
three gases with little effect on the LOD. The limits of 
detection appear to contradict the fact that the peak areas 
increased. The main influence on the LOD was the background 
noise. Between 0 and 0.06% oxygen addition the background 
noise increased by 200%. This increase was coupled with a 
gradual decrease in peak height leading to the increase in 
LOD. Between 0.06% and 0.15% oxygen addition the background 
decreased by 250% leading to a decrease in the LOD. This 
effect also holds true for the nitrogen data. The peak 
areas increase overall by 90% but the background noise 
increased by 200%. The oxygen scavenger showed more promise
Table 13. Effects of oxygen scavenger gas on iodine
detection. (Wavelength = 905.83 ns)
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%  Oxygen 
Added in 
eoml/min He
Average Peak
Areas*
%PeakArea
Increase (+)/ 
Decrease <-)
Average
Selectivity
%Setec»vty
lncrease(+)/ 
Decrease (-)
Umftof
Detection
(POD
30
1. 300 
2 3300 
2 2700
N/A
-43
+27
+31
2200 N/A
0.06
170
4600
3900
4900 +120 3
aoe
160
4400
3800
-60
+26
+29
6400 +146 6
40 -87
0.15 3700 +11 16600 +660 '
3100 +13 I i
*Peak Area Represents: 1. Octane 2. todobenzene 2  todoheptane
Table 14. Effects of nitrogen scavenger gas on iodine
detection. (Wavelength = 905.83 m )
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%  Hydrogen 
Added in 
60ml/min He
0
Average Peak 
Areas*
%  Peak Area
lncrease<+)/ 
Deere ase(-)
Average
Selectlvtty
%  Selectlvtty
Increase <+)/ 
Oecrease(-)
Umtor
Detection
(pgD
1.28 
2. 290 
^ 240
N/A 2100
-
N/A 4
-36
0.11 320 +10 3160 +60 4
I! 270 +13
9 -68
ai7 310 +7 6000 +186 6
260 +8
4 -86 -
*23 210 -28 9600 +336 10
! 180 -26
•Peak Area Represents: 1. Octane 2. lodobenzene & todoheptane
Table 15. Effects of hydrogen scavenger gas on iodine
detection. (Wavelength = 905.83 ni)
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% Nitrogen 
Added in 
60mi/min He
Average Peak 
Areas*
% Peak Area
increase (+ )/ 
Decrease(-)
Average
Selectivity
% Selectivity 
Increase (+ )/ 
Decrease(-)
Un*<rf
Detection
(pgi)
0
1. 30 
2.280 
a  230
N/A 1900 N/A 6
32 +7
0.04
' '
360
300
+26 | 
+30
2100 +10 6
none • -
a i3 620 +86 - - 6
440 j +01 -
•Peak Area Represents: 1. Octane 2. lodobenzene 3. todoheptane
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Figure 20. Effects of scavenger gases on detection of 
iodine. A. % Scavenger vs. selectivity 
B. % Scavenger vs. limits of detection.
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with respect to both selectivity and LOD, since the LOD 
decreased and the selectivity had a substantial rise.
Figure 21 shows typical chromatograms of iodine with 
varying concentrations of oxygen added. A substantial 
decrease in octane is observed as well as increases in the 
two iodine emission signals. Hydrogen initially enhanced 
iodine signals, but not as well as oxygen. No substantial 
changes in the background were observed with either oxygen 
or hydrogen. Nitrogen appeared to eliminate the octane peak 
at 0.13% addition with little compromise in the LOD, but the 
increasing baseline and background noise could be a problem 
with additional nitrogen as given by the following baseline 
data:
% Nitrogen Relative Average Baseline(uV^
0 7010
0.04 10880
0.13 20810
This can be attributed to red N2 and CN bands that reside in 
this area of the spectrum, as well as increased stray light 
from atomic nitrogen emissions in this region.
The mechanism of the effects of the addition of 
scavenger gas in investigating iodine parallels the other 
halogens. The nitrogen contaminants in the 900 nm region 
decrease with addition of oxygen and hydrogen, as evidenced 
by the increase in selectivity and the decrease in the 
limits of detection with reduced background noise. Nitrogen 
addition can increase the probability of CN molecular 
emissions. There is a strong CN band located at 914.05 nm
Relative 
Intensity
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Figure 21. Typical chromatograms of iodine with
increasing concentrations of oxygen scavenger 
gas. A. 0% B. 0.04% C. 0.05% D. 0.15%
0
Ttmt
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that could overlap with the analytical iodine wavelength 
causing increased background noise. The added scavenger 
gases can combine with the nitrogen contaminants in the pure 
helium plasma to increase the likelihood of formation of 
molecular species such as OH and NH.
Figures 22-24 gives an overview for the selectivity and 
limits of detection of the halogens with oxygen, nitrogen, 
and hydrogen scavenger gases. Hydrogen and oxygen improved 
the selectivity for all of the halogens tested and can 
decrease the limits of detection for bromine and iodine. 
Oxygen dramatically increases the limits of detection for 
chlorine, bromine, and fluorine. Nitrogen neither
noticeably improves the selectivity nor the limits of 
detection for any of the halogens.
Sulfur. The analytical wavelengths used for sulfur 
were 921.29 nm in the near IR region and the more 
conventional 180.73 nm in the near UV region. The 921.29 nm 
line has been shown to be the best sulfur wavelength in the 
near IR region for the HDD.(22)
The baseline levels for sulfur upon addition of 
scavenger gases are shown in Table 16. For 180.73 nm 
hydrogen was not used as a scavenger gas because time did 
not permit, and nitrogen was not used for 921.29 nm due to 
intense CN molecular emission bands at 914.0 nm and 939.30 
nm which overlapped with the analytical sulfur wavelength 
and increased the baseline and background noise. The
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Figure 22. Effects of oxygen scavenger gas on detection 
of the halogens. A. % Scavenger vs. 
selectivity B. % Scavenger vs. limits 
of detection.
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Figure 23. Effects of nitrogen scavenger gas on
detection of the halogens. A. % Scavenger vs. 
selectivity B. % Scavenger vs. limits of 
detection.
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Figure 24. Effects of hydrogen scavenger gas on detection 
of the halogens* A. % Scavenger vs. 
selectivity B. % Scavenger vs. limits 
of detection.
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Table 16. Effects of scavenger gases on the average 
baseline.
82
Scavenger Gas |% Scavenger
Average Basel i ne 1 Average Baseline
7620 
6000 
5630 
5400
4200
6790
6510
7710
Nitrogen
Hydrogen
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baseline initially increased with oxygen for both 
wavelengths, but that increase was followed by an immediate 
decrease upon further addition of oxygen. The addition of 
oxygen ultimately led to a 100% decrease in background noise 
at the 921.29 nm analytical wavelength. This decrease is 
the major contributor to the decrease in the LOD for 
addition of oxygen dopant.
Nitrogen does not increase the background by more than 
85% at the highest level of nitrogen addition. Nitrogen 
does however increase the background noise by 100% between 
0.04% and 0.13% nitrogen dopant. This coupled with a 20% 
decrease in peak heights led to an increase in the LOD. The 
background noise decreased by 100% with 0.15% nitrogen 
dopant leading to a subsequent decrease in LOD. The 
baseline remains relatively stable in the near IR region 
with hydrogen.
The data collected for the 921.29 nm wavelength are 
presented in Tables 17-18. The oxygen dopant data is
graphically shown in Figures 25a and 25b. Hydrogen 
selectivity was not plotted because it could not be 
calculated after its initial addition to the pure helium 
plasma. There is a difference in the initial values 
representing selectivity with no scavenger gas. This is 
again due to the fact that the gas line was overhauled 
between gases to accomodate a second experimental apparatus 
which changed the residual level of contaminants in the 
helium gas line.
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Table 17. Effects of oxygen scavenger gas on sulfur
detection. (Wavelength = 921.29 nm)
% Oxygen 
Added in 
60ml/min He
Average Peak 
Areas*
% Peak Area 
lncrease(+)/ 
Decrease(-)
Average
Selectivity
% Selectivity 
lncrease<+)/ 
Decrease (-)
Limit of 
Detection 
(P9 S)
1. 7000
0 2. 6000 N/A 65 N/A 143
3. 12000
2000 -71
0.02 10600 + 75 50 -10 160
11000 -8
200 -97
0.07 8900 +48 440 +700 108
9800 -18
70 -99
0.15 7500 +25 1150 + 1900 89
8200 32
*P eak Area Represents: 1. Octane 2 .1 ,2-E thanedith io l 3. 1 ,3-Propanedtthio l
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Table 18. Effects of hydrogen scavenger gas on sulfur
detection. (Wavelength = 921.29 nm)
% Hydrogen Average Peak % Peak Area Average % Selectivity Limit of
Added in Areas* lncrease(+)/ Selectivity lncrease<+)/ Detection
60ml/min He Decrease (-) Decrease(-) (P9 S)
1. 280
0 2. 420 N/A 18 N/A 46
3. 1200 50
0.11 720 +71 34
1500 +25 - -
0.17 720 + 71 _ 39
1300 + 8 - -
0.23 630 + 50 42
1090 -9 - -
*P eak A rea Represents: 1. Octane 2 .1 ,2-E thanedittiio l 3 .1 ,2-P ro pane d lth io l
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Figure 25. Effects of oxygen scavenger gas on sulfur 
detection. (Wavelength = 921.29 nm) A. % 
Scavenger vs.selectivity B. % Scavenger vs. 
limits of detection
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The selectivity is markedly different upon addition of 
oxygen as opposed to hydrogen. The addition of oxygen 
greatly reduced the octane peak over a concentration of 0- 
0.15% oxygen dopant. This coupled with somewhat enhanced 
analyte peaks generated a subsequential increase in 
selectivity. The limits of detection for sulfur using the 
oxygen doped plasma were improved by about 40%.
The addition of hydrogen resulted in complete 
disappearance of the octane peak while increasing the
analyte's peak areas. The selectivity could not be
calculated since no visible octane peak could be integrated. 
The addition of hydrogen slightly increased the peak areas, 
but the limits of detection were relatively constant.
The data collected for the 180.73 nm wavelength are 
presented in Tables 19-20 for oxygen and nitrogen
respectively. Figures 26a and 26b graphically show the 
change in selectivity and LOD. The selectivity increased 
marginally when nitrogen was added as a scavenger, and
actually decreased with the addition of oxygen. This 
decrease could be attributed to the formation of CO 
molecular emissions with the addition of oxygen. Neither 
gas was very effective in reducing molecular emissions in 
this region. The limits of detection were best maintained 
with the nitrogen scavenger gas added, and oxygen reduced 
the peak areas of the analytes to a greater degree. Figures 
27a and 27b graphically compare the change in selectivity
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Table 19. Effect of oxygen scavenger gas on sulfur 
detection. (Wavelength = 180.73 nm)
% Oxygen Average Peak % Peak Area Average % Selectivity Limit of
Added In Areas* Increase (+)/ Selectivity lncrease(+)/ Detection
60ml/mln He Decrease (-) Decrease(-) (pg S)
1. 380
0 2. 3000 N/A 93 N/A 6
3. 3600
390 +3
0.02 2000 -33 55 -36 15
2500 -29
320 -16
0.07 1900 -37 63 -32 11
2200 -37
255 -30
0.15 1350 -55 55 -41 22
1600 -54
*P eak Area Represents: 1. Octane 2 .1 ,2-Ethanedlthfo l 3 . 1,3-Propanedith io l
Table 20- Effects of nitrogen scavenger gas on sulfur
detection. (Wavelength = 180.73 nm)
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% Nitrogen 
Added In 
60ml/mln He
Average Peak 
Areas*
% Peak Area 
increase (+ )/ 
Decrease(-)
Average
Selectivity
% Selectivity 
Increase(-i-)/ 
Decrease(-)
Limit of 
Detection 
<pgS)
1. 800
0 2. 2660 N/A 40 N/A 5
3. 3600
550 -31
0.04 2100 -21 42 + 10 14
2600 28
500 -38
0.13 2000 -25 45 +18 14
2500 -31
0.15
420
1900
2400
-48
-28
-33
50 +25 6
*P eak Area Represents: 1. Octane 2 .1 .2-Ethane dith io l 3 .1 ,3-Propanedlth io l
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Figure 26. Effects of scavenger gases on the detection of
sulfur. (Wavelength = 180.73 nm) A. 1
Scavenger vs. selectivity B. % Scavenger vs. 
limits of detection.
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Figure 27.Effects of oxygen scavenger gas on sulfur
detection.(Wavelengths * 921.29 and 180.73 nm) 
A. % Scavenger vs. selectivity B. % Scavenger 
vs. limits of detection.
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and LOD of both 921.29 nm and 180.73 nm using oxygen as a 
scavenger gas.
There is a trade-off in selectivity and limits of 
detection with both wavelengths. The runs performed at 
921.29 nm produce much better selectivity than at 180.73 nm. 
Limits of detection for sulfur at 180.73 nm are 
substantially better than at 921.29 nm. The decrease in LOD 
with added gases is not substantial enough to match the 
magnitude of the 180.73 nm line data.
An interesting facet of using scavenger gases arises 
when comparing the peak areas of 1,2-Ethanedithiol and 1,3- 
Propanedithiol. Both compounds were added in solution to 
give equal amounts of sulfur (10 ng) on the chromatograms. 
When looking at the analyte peak areas in the pure helium 
plasma, the 1,2-Ethanedithiol peak area was substantially 
less than that of the 1,3-Propanedithiol peak area. The 
addition of oxygen and nitrogen brings the two peak areas 
closer together therefore giving a more accurate account of 
the sulfur concentration via internal standard methods.
The mechanism of the effects of the addition of 
scavenger gas in investigating sulfur parallels the previous 
basic discussion within the halogens. The 180.73 nm 
wavelength overlaps with weak NO and CO molecular emissions 
since the addition of nitrogen and oxygen produces an 
increase in the baseline level and the background noise. 
The analytical sulfur wavelength at 921.29 nm will not be 
affected by the addition of oxygen or hydrogen, as evidenced
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by the absence of any atomic or molecular oxygen or hydrogen 
emissions and by the marginally stable baseline data. The 
addition of the scavenger gas more than likely succeeds in 
combining with the contaminants already located in the pure 
helium plasma to create molecular species such as NH, OH, 
CO, NO, and CH.
Phosphorus. The analytical wavelength originally 
chosen for the investigation was 253.56 nm, which is 
typically the most sensitive line for phosphorus. 
Unfortunately this wavelength overlaps molecular NO and CO 
bands in the UV background. The background noise and 
baseline increased to such an extent with the addition of 
oxygen or nitrogen that the peaks eluting from the GC gave 
inverted signals, as shown in Figure 28. Apparently the 
background was so high that the net signal from the analytes 
was small relative to the quenching of the background 
emission signal by the analytes, thus causing inversions of 
the peaks. A second phosphorus wavelength at 213.54 nm was 
chosen which was relativly free of overlapping molecular 
emission. The background noise and baseline associated with 
this line were still substantially enhanced using oxygen or 
nitrogen, thus only the effects of hydrogen were 
investigated.
The data collected for phosphorus are presented in 
Table 21 and represented graphically in Figures 29a and 29b. 
The selectivity improved substantially upon the addition of
Relative Intensity
Figure 28. Chroaatograa of inverted phosphorus signals 
with Nitrogen as a scavenger gas.
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Table 21. Effects of hydrogen scavenger gas on detection
of phosphorus. (Wavelength = 213.45 nn)
% Hydrogen 
Added in 
60ml/mtn He
Average Peak
Areas*
% Peak Area 
increase^)/ 
Decrease(-)
Limit of 
Detection
(pqP)
Average
Selectivity
3000
3600
N/A N/A
166
0.11 -71
+180 100
670
7200
-61
+106 24146 +1220
270
6400
-91
+64 36+1718200
0.33 240
5600 +2080240
0.6 190
6200 270
160
4600 +2900330
320
•Peak Area Represents: 1. Octane 2. Itimetfiylphosphaie
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Figure 29. Effects of hydrogen scavenger gas on phosphorus
detection. A. % Scavenger vs. selectivity
B. % Scavenger vs. limits of detection.
320-
240-
>  200-
160-
120i
80-
40-
0.2 0.4 0.6
% Scavenger
160
1 -
coxs
76 80'
B
£ 40-
Mr
0.4 0.60.2
% Scavenger
97
hydrogen dopant. The analyte peak heights showed a sharp 
increase, while background noise dropped with added hydrogen 
thereby giving significant improvements in the LOD.
Figure 30 shows representative chromatograms from the 
phosphorus runs. A broad "ghost" peak was observed eluting 
immediately after the analyte peak. Apparently a
substantial amount of the phosphorus plates out on the 
quartz tubing during the elution and slowly is removed to 
give the broad signal. The addition of the hydrogen 
scavenger successfully prevented the ghosting effects. The 
hydrogen may be removing carbon from the tubing as well, 
which may aid in trapping the phosphorus.
The scavenger gas also has an effect on the elution of 
the solvent. In the pure helium plasma, the solvent peaks 
tail off substantially, again a factor of plating. The 
addition of hydrogen promotes cleaner elution of the solvent 
thus leaving the octane peak on a normal baseline.
The reasoning behind the effectiveness of hydrogen 
relative to oxygen and nitrogen is relatively 
straightforward when considering the spectral region used to 
detect the phosphorus emissions. The UV contains a mixture 
of CO and NO molecular emissions formed through 
recombination of atoms produced from impurities in the 
discharge. The addition of oxygen and nitrogen tends to 
significantly enhance these emissions to the extent of 
impracticality. The dominant species formed with the 
addition of hydrogen are CH, NH, and OH which have emission
Relative Intensity
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Figure 30. Representative chroaatograns from phosphorus 
with hydrogen scavenger gas added. A. no 
hydrogen B. 0.17% hydrogen C. 0.23% 
hydrogen.
lime
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wavelengths above 280 nm. Thus hydrogen would reduce the
background in the lower UV region as observed, while
enhancing the detection of phosphorus by removing the ghost 
peak effects through effective removal of carbon deposits on 
the quartz tubing.
Metals/Metalloids. Tin and silicon were the only two 
elements tentatively investigated in this class of elements. 
Table 22 shows the data collected for tin with hydrogen and 
oxygen added as scavenger gases at an analytical wavelength 
of 242.90 nm. Nitrogen was not chosen because of
substantial molecular background emissions in that region of 
the spectrum from NO.
The relative baseline increases with addition of
hydrogen and oxygen, but the increase with oxygen was more 
prevalent as shown below:
% Hydrogen Relative Mean Baseline(uV’)
0 13490
0.11 15420
0.17 15990
% Oxvqen Relative Mean BaselinefuVl
0 14500
0.05 40880
0.06 64930
This increase in the baseline indicates that there are 
prominent NO and/or CO emissions that develop with a 
moderately low addition of oxygen. The hydrogen dopant does 
not appear to affect the baseline appreciably.
Figures 31a and 31b show graphically the selectivity 
and limits of detection data collected for tin. The
1 0 0
Table 22. Effects of scavenger gas on tin detection. 
A. Hydrogen B. Oxygen.
(Wavelength = 242.90 na)
% Hydrogen 
Added in 
«0mi/mJn He
Average Peak 
Areas*
%  Peak Area
lncrease<+)/
Decrease(-)
Average
Selectivity
%Selectlvtty 
Increase (+)/ 
Decrease(-)
Umttof
Detection
(pgSn)
0 1. 2300
2. 430
N/A 1.9 N/A 260
o n 1060
220
-64
-49
21 +10 2420
ai7 600
80 j
1 *74
1 -81 J
1.3 -32 310
%  Oxygen 1 Average Peak %Peak Area Average %$etecttvtty Un* of
Added In Areas* Increase (+)/ Selectlvtty lncrease<+)/ Detection
eomUmln He i Decrease H Decrease!-) (pgSn>
0 1. 1800 
2 280
N/A 22 N/A
-----------
670
006 3900
660
+120
+130
1.7
- -
0.06 2400
360
+30
+26
1.3 -40 660
*Peak Area Represents: 1. Octane 2  TetraeifiyMn
1 0 1
Figure 31. Effects of scavenger gases on detection of tin.
A. % Scavenger vs. selectivity B. % Scavenger
vs. limits of detection.
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selectivity is very poor for tin at this analytical 
wavelength with no appreciable change. The limits of 
detection for tin with hydrogen addition dramatically 
increases with the first addition, but with the second 
increase of hydrogen the limit of detection improved. The 
relative background noise for the first addition increases 
from 82 to 351 uV but dropped to 38 uV upon the second 
addition of hydrogen. This accounts for the substantial 
differences in the limit of detection.
When oxygen was added to the plasma, the limits of 
detection decreased due to a decrease in the background 
noise. Although oxygen addition may increase the relative 
baseline, the overall background noise can decrease. The 
limit of detection returns to the original level upon 
addition of only an extra 0.01% oxygen to the already 
oxygenated plasma.
Table 23 shows the data collected for silicon at an 
analytical element wavelength of 190.13 nm. The increase in 
the baseline for both scavenger gases was more gradual, as 
opposed to the tin baseline data as shown below:
% Hydrogen Relative Average BaselinefuV)
0 5800
0.11 11650
0.17 13840
0.23 15380
% Oxygen Relative Average Baseline(uVl
0 4420
0.05 6040
0.06 14770
0.15 18180
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Table 23. Effects of scavenger gases on silicon detection.
A. Hydrogen B. Oxygen (Wavelength — 190.13 rai)
% Hydrogen 
Added in 
6Cml/mln He
% Peak Area
increase (+ )/ 
Decreaae(-)
Average Peak 
Areas*
Urn* of 
Detection
(pqSQ
Average
Selectivity
1. 826 
2. 875
N/A N/A 1704.6
011 1501000
380
-12
160830
330
+1
-12
0.23 230860
250
-21
-33
% Oxygen 1 Average Peak % Peak Area Average %SelectMty Limit of
Added in Areas* Increased)/ Selectivity lncrease(+)/ Detection
SOmUmin He 1 Decrease(-) Decrease^) <pgSI)
0 1 1.600 N/A 6 N/A 160
1 2.300
0.06 1360 +170 4 ! -30 70
620 +70
006 1175 +140 3.7 -40 120
440 +60
016 1000 +100 0 3 -46 240
330 +10
*Peak Area Represents: 1. Octane 2. TetraethytodhoiHc ate
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Figures 32a and 32b show the selectivity and limits of 
detection data graphically for both scavenger gases. The 
selectivity does not change appreciably for either the 
hydrogen or the oxygen addition. The limits of detection 
show a similar trend. There is a drop in limit of detection 
with initial addition of scavenger gas to the system, but 
with the second increase in dopant the limits of detection 
start to increase. The oxygen dopant shows better results 
than the hydrogen dopant. The selectivity does decrease by 
100% when oxygen is added, but this decrease is not 
appreciable when observing the magnitude of the actual 
decrease.
The most interesting result of the metal/metalloid 
evaluations is the poor selectivity. A comparison of the 
octane to analyte peak areas and considering that the 
analyte is present in an 8 to 1 ratio implies that the 
signal may be more from non-analyte species than the metals 
themselves. The reasons for this observation are unknown at 
this time, especially considering that none of the non- 
metals appeared to behave in such a fashion. One could 
surmise that a substantial amount of the tin and silicon are 
either rapidly recombining with contaminants in the plasma, 
or complete dissociation never occurs. In either case 
atomic emission would be substantially diminished.
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Figure 32. Effects of scavenger gases on detection of
silicon. A. % Scavenger vs. selectivity
Scavenger vs. limits of detection.
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Chapter IV
finimary and Suggestions for Further Research
Significant results of the scavenger gases added to the 
pure He plasma include increased selectivity, decreased 
limits of detection, decreased background noise in some 
cases, and potentially longer lifetimes of the quartz plasma 
tube. Selectivity for some elements (e.g. chlorine, iodine) 
increased by a factor of ten.
Scavenger gases were proven to be effective for several 
elements, such as chlorine, iodine, sulfur, and phosphorus. 
Substantial improvemets were observed for phosphorus, in 
which the chromatographic efficiency was markedly enhanced 
as well as the limits of detection and selectivity. Oxygen 
and hydrogen appear to be the most applicable gases for 
improvements in element selective detection.
The primary mechanism through which scavenger gases 
enhance the analytical merits of the HDD system are via the 
formation of diatomic species through the recombination of 
atoms dissociated from the scavenger gases and analytes. 
The effects are dependent on the scavenger gas used, the 
species produced, and the spectral shift that occurs in 
contaminant spectral emissions relative to the analytical 
wavelength. Another possibility which has not really been
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proven with experimental evidence is that the scavenger 
gases produce a more reductive environment in the discharge 
to promote more complete dissociation of the GC eluents.
The initial experiment into the use of dopants in the 
helium discharge has been very positive and warrants further 
investigation. Utilization of the vacuum UV/UV region 
requires substantial improvements, especially with respect 
to detection of a number of metals, which typically have the 
most sensitive analytical wavelengths in the UV region. 
Indeed, the ability to detect certain organometallic 
compounds is very questionable considering the poor results 
obtained with tin.
Another area of interest is with respect to 
investigating response factors for a given element. Ideally 
all compounds which contain a given element of interest 
should respond equally for that element and be independent 
of the chemical structure or nature of the compound. For 
example, if ten sulfur-containing compounds were prepared in 
a mixture such that the amount of sulfur present was 
equivalent in all the compounds, then the chromatographic 
peak areas should be equivalent as well. Although this was 
alluded to in the discussion of sulfur response to scavenger 
gases, a more thorough investigation would have to be made 
on a large variety of compounds for a number of elements to 
verify that universal response factors can be achieved with 
the appropriate addition of scavenger gases.
Appendix A. Physical Constants of Experimental Compounds
Compound Formula Formula
W©ight
(g/mol)
D©nslty
(g/ml)
BoMing
Point
(C©lciu$)
Analyto/Carbon 
Atom ratio
Chlorobenzene 112.6 1.11 132 1/6
1,4-Dichlorobutan© (CH2>4CI2 127 1.115 134 2/4
2,3-Dibromobutan© ( ^ 2)4^2 215.9 1.79 2/4
p-Dibromobenzen© C6«4Br2 235.9 1.84 219 2/6
Fluorobenzen© C6H5F 101.2 1.02 85 1/6
lodobenzene W 204.1 1.82 188 1/6
lodoh©ptan© C7H15I 226.1 1.38 204 1/7
1,2-Ethan©dithiol (CH2>2^2 94.2 1.12 145 2/2
1,3-Propan©dfthiol (CH2bS2 108.2 1.08 169 2/3
Trimethylphosphat© (CH30)3P(0) 140.1 1.2 197 1/3
T©tra©thyttin (CHjCHjW * 234.94 1.19 181 1/8
T©tra©thylortho-
silicate
SiCO C jH^ 208.3 0.934 168 1/8
109
Appendix B. Retention Times for Experimental Compounds
Compound Temperature Program Retention Time 
(min)
Chlorobenzene 65(2)-10-100(5) 5.69
1,4-Dichlorobutane 5.06
2,3-Dibromobutane 65(5)-15-200(15) 7.73
p-Dibromobenzene 11,96
Fluorobenzene 35-5-70 4.69
lodobenzene 65(4)-20-230 9.17
lodoheptane 10.28
1,2-Ethanedithiol 65(2)-10-200 5.67
1,3-Propanedithjol 7.46
Tri methyl phosphate 65(3)-15-160 7.27
Tetraethyltin 65(2)-25-230 7.2
T etraethy lo rthosi I icate 65(2)-25-230 6.49
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